Nerve fibers of the C57BL/6/0la mouse exhibit very slow Wallerian degeneration following axotomy, thus allowing prolonged observation of mammalian axons separated from their cell bodies. The present study utilized teased-fiber preparations, silver histochemistry, immunocytochemistry, and electron microscopy to examine the distribution of axonal components in the distal stumps of axotomized sciatic nerves in C57BL/6/0la mice. In examining nerve segments at varying intervals after nerve transection, we found no evidence of proximal-to-distal "emptying out" of the cytoskeleton, as would be predicted if the cytoskeleton in these transected nerves were undergoing anterograde transport as an assembled structure. Instead, we observed a gradual redistribution of cytoskeletal constituents over time, dominated by the progressive accumulation of neurofilaments at the severed ends of axons. In particular, there were massive accumulations at the proximal ends of the distal stumps. These results strongly suggest that, at least in transected nerve fibers, neurofilaments can be transported bidirectionally.
Neurofilaments, the major type of intermediate filaments in neurons, are the most prominent cytoskeletal elements in the axons of large nerve fibers. They are synthesized in the cell body of the neuron and are transported anterogradely down the axon within the slow component of axonal transport, at rates of 0.2-2 mm/d (Hoffman and Lasek, 1975) . The macromolecular form in which neurofilament proteins are transported and the proportion undergoing transport at any one time are currently controversial issues. A widely held view is that neurofilaments are transported from the cell body to the axon as part of an assembled cytoskeleton (Lasek and Hoffman, 1976; Lasek et al., 1984) . In this model, the cytoskeleton moves continuously from proximal to distal until it is ultimately degraded at the terminal by intrinsic axonal proteases. This model predicts that, in nongrowing axons, degradation of neurofilaments at the terminal must equal synthesis at the cell body. An alternative view is that the cytoskeleton is largely stationary (Nixon and Logvinenko, 1986; Hollenbeck, 1990) and that neurofilaments are replenished by the transport of individual neurofilaments or small bundles of neurofilaments, of particles containing neurofilament proteins (Weisenberg et al., 1987) or of subunits that are inserted into the cytoskeleton along its length (Ochs, 1982; Ochs et al., 1989) . The last three models imply that the proportion of the total content of neurofilament protein undergoing transport in the axon at any one time could be low. In all of these models, transport of neurofilaments has been postulated to occur predominantly, if not exclusively, in the anterograde direction.
Axonal transport can be studied by following the redistribution of specific axonal constituents in nerves isolated from their source of newly synthesized proteins in the nerve cell bodies. For example, in nerve segments that were isolated from the rest of the nerve by ligations, rapidly transported markers accumulated at both the proximal and distal ends of the segment, providing some of the early evidence for the existence of fast bidirectional transport (Ranish and Ochs, 1972; Brimijoin, 1975; Griffin et al., 1976; Brimijoin and Wiermaa, 1977; Lubinska and Niemierko, 1977) . These transport systems carry membrane-bound vesicles at rates of -200-400 mm/d, so that substantial redistribution of axonal constituents can occur in the interval prior to the axonal degeneration that is induced by the interruption of the axon. For molecules that are transported in the slow component, however, this approach is less useful, except in nonmammalian systems where axons survive for prolonged periods of time after being separated from their cell bodies. For example, transport studies in goldfish optic nerves (Alpert et al., 1980) and garfish olfactory nerves (Cancalon, 1982) have shown that slow axonal transport continues within the distal stump. In the garfish, morphologic studies showed that the cytoskeleton of the transected distal stump "empties out" from proximal to distal at the rate of slow axonal transport (Cancalon, 1982) . This observation supported models in which the assembled cytoskeleton is transported intact. In mammalian nerve fibers, this approach has not been utilized because the process of Wallerian degeneration is relatively rapid compared to the rate of slow transport. For example, in the peripheral nerves of young rodents most of the axons of the distal stump are reduced to granular debris within 24-48 hr; neurofilaments moving at their normal rates of transport would be expected to move only l-2 mm in this interval, precluding analysis of their redistribution.
The C57BL/6/01a mouse, a strain in which peripheral nerves undergo very slow Wallerian degeneration following axotomy (Lunn et al., 1989; Perry et al., 1990; Brown et al., 199 l) , allows prolonged observation of the mammalian axon and its cytoskeleton in isolation from its cell body. We examined the changes in axons during prolonged survival following sciatic nerve interruption in the C57BW6/01a mouse. We observed a dissociation and redistribution of cytoskeletal components over time, which resulted in regional concentrations of neurofilaments and microtubules along the axon, and giant accumulations of neurofilaments at the ends of isolated stumps. These data indicate that although transport continues in the distal stump, there is no bulk movement of the cytoskeleton from proximal to distal. Rather, because neurofilaments accumulated at the proximal end of the isolated segment, we suggest that cytoskeletal transport in these stumps includes retrograde as well as anterograde transport of neurofilaments.
Materials and Methods
C57BL/6/01a mice were obtained from a breeding colony maintained at the Johns Hopkins University School of Medicine. Sixty mice, male and female, aged 12-16 weeks, were used. C57BL/6 mice of the same age were obtained commercially (Harlan Sprague Dawley, Frederick, MD) and used as controls. Surgery was performed under methoxyflurane anesthesia according to one of two protocols: (1) sciatic nerves were transected with fine scissors at a single site at the level of the sciatic notch; or (2) sciatic nerve transections were performed at two siteswithin the pelvis and at the sciatic notch ("double axotomy"; Fig. 1 ). The double axotomy protocol was used to study segments of nerves isolated from both their cell bodies and their terminals. To address the issue of nerve retraction following transection, another group of animals underwent sciatic nerve crush, which interrupts individual nerve fibers but keeps the connective tissue structure of the nerve intact.
Animals were killed under deep anesthesia either by perfusion through the ascending aorta or by exsanguination following cardiac transection. The tissue fixatives were 4% buffered paraformaldehyde (pH 7.2) or 5% buffered glutaraldehyde (pH 7.2). Some nerves were postfixed in osmium tetroxide, embedded in Epon, cut at 1 pm, and stained with toluidine blue for light microscopy. Thin sections for electron microscopy were stained with uranyl acetate and lead citrate and examined with a Hitachi 600 electron microscope. Other nerves were embedded in paraffin and cut longitudinally at 10 pm. Some sections were stained by standard reduced silver techniques for axons. Others were stained immunocytochemically for neurofilaments with antibodies SMI 3 1 or SMI 32 (Stemberger Monoclonals, Baltimore, MD; concentration, 1: 1000) by the peroxidase/antiperoxidase technique (Stemberger, 1979) . Teased fibers were prepared by staining parafonnaldehyde-fixed nerve bundles with reduced silver, infiltrating the bundles with glycerol, and teasing apart individual nerve fibers with fine needles. Neurofilament densities were calculated by counting the numbers of neurofilaments within designated areas in transverse sections, from electron micrographs enlarged 100,000 times. All of the neurofilament profiles were counted within 25 cm2 boxed areas on 8" x 10" electron micrographs. Multiple areas in each axon were counted and averaged as the mean density of neurofilaments. The cross-sectional axonal areas were measured from 1 pm plastic sections by using a computer-based digitizing system (BioQnant, Nashville, TN). The lengths of axonal swellings were measured from silver-stained and plastic-embedded longitudinal sections, by use of the same computerized system.
Results

Course of Wallerian degeneration
In axotomized nerves of normal C57BW6 mice, no intact axons were demonstrable in distal stumps at 72 hr, and > 90% of axons were reduced to granular debris within 48 hr. At 7 d, myelin clearance was well underway, with abundant myelin ovoids, infiltrating macrophages, and proliferated Schwann cells ( Fig.  2A) . In contrast, in the distal stumps of C57BW6/0la animals, axons did not show evidence of degeneration for at least 7 d (Fig. 2B ), and many axons survived for up to 28 d. Macrophages were seen in numbers proportional to the degree ofdegeneration. They were scarce within the first week except at the sites of transection, where macrophages phagocytosed the myelin debris isolated segment Figure   1 . Diagram summarizing the "double axotomy" method and depicting the morphologic findings in transected axons in C57BL/6/01a mice. Sciatic nerves were simultaneously transected at two levels using fine scissors, creating a segment isolated from both the cell bodies and terminals. In the isolated segment, giant neurofilamentous swellings were found at the proximal and distal ends of transected axons (arrows). In the midportion of the isolated segment, regions containing excessive neurofilaments (NF) alternate with those containing few neurofilaments and high concentrations of microtubules (mt). These findings were also present in the nerve distal to the distal stump, as depicted. Sprouting of axons was noted in the proximal stump but not in the isolated segment or most distal stump.
produced as a result of the local trauma. Even in these regions, the axons survived.
The rate of degeneration of sciatic nerves among C57BL/6/ Ola mice was generally constant. However, some fibers within the sciatic nerve of an individual mouse degenerated at faster rates than others. This variation in the rate of degeneration was observed among different fascicles. Within individual fascicles, fibers tended to degenerate at the same rate, as previously noted by Perry et al. (1990) . More rapidly degenerating fascicles contained greater numbers of macrophages than adjacent, more preserved fascicles.
Unperturbed sciatic nerves of C57BW6/01a and C57BW6 mice were morphologically identical. After axotomy, the proximal stumps of sciatic nerves in C57BL/6/01a mice reacted in a similar fashion to those in C57BL/6 animals. Traumatic neuromas, consisting of abundant axonal sprouts ensheathed by Schwann cells and surrounded by fibroblasts and perineurial cells, formed progressively between several days and several weeks following axotomy. In contrast, the surviving distal stumps in C57BL/6/01a mice showed no evidence of sprouting from either the proximal or distal (double axotomy) cut site. The axons of the distal stump underwent a gradual and progressive rearrangement of their cytoskeletal constituents, forming regional concentrations of neurofilaments and microtubules as described below.
Cytoskeletal changes in midportions ofjbers
Accumulations of densely packed and maloriented neurofilaments developed over time throughout the axons in the distal stumps and isolated segments ofthe C57BW6/01a animals. These neurofilamentous swellings created two distinct pathological patterns. The first type of swelling was distributed throughout the midportion of the isolated segment, and the second was found at the site(s) of axotomy (see Fig. 1 ). The axonal changes in the midportion were best appreciated in longitudinal silverstained preparations (Fig. 3A) . After several days, fibers took on a beaded appearance with alternating segments of enlargement and decrease in caliber. In teased fibers, it was clear that this alternating pattern occurred within single fibers. The areas of enlargement contained accumulations of densely packed and maloriented neurofilaments (neurofilamentous swellings; Fig.   3B ), as evaluated by electron microscopy. These swellings, which stained with monoclonal antibodies SMI 3 1 and SMI 32 against phosphorylated and nonphosphorylated epitopes of neurofilament, were found in both myelinated and unmyelinated fibers.
Microtubules were notably deficient in the regions of neurofilamentous swelling. In some instances, microtubules were concentrated within regions relatively devoid ofneurofilaments. These segments appeared to have been reduced in caliber, as indicated by their relatively thick myelin sheaths (Fig. 3C) , and presumably correlated with the narrowed portions of the beaded fibers seen with silver stains.
Cytoskeletal changes at cut ends Neurofilamentous swellings also developed at the proximal faces of distal stumps and at the proximal and distal faces of isolated segments ("double axotomy"; see Fig. 1 ). In longitudinal preparations, these swellings appeared at the ends of fibers as spherical or cylindrical enlargements that stained by silver histochemistry and by immunocytochemistry for phosphorylated and nonphosphorylated neurofilaments. Teased-fiber preparations were particularly informative because they demonstrated the relationship between the swellings and the ends of fibers (Fig.  4) . These neurofilamentous swellings were first detected at 34 d following axotomy and continued to enlarge at least until 14 d. These swellings contained accumulations of densely packed and maloriented neurofilaments that were generally much larger than the neurofilamentous swellings occurring in the midportions of distal stumps. Again, few if any microtubules were present within the swellings. Myelinated axons containing large swellings often had thin or absent myelin sheaths (Fig. 5&D) , Figure 3 . Axonal changes seen in the midportions of isolated segments of sciatic nerves of C57BL/6/01a mice, 14 d following axotomy. A shows the beaded appearance of fibers in silver-stained paraffin section (top left; magnification, 80x) and teased fibers photographed under Nomarski optics (bottom right; magnification, 250 x). Note that the atrophic regions in the teased fibers (urrowheadr) are continuous with swollen regions. Z3, A swollen axonal region containing densely packed neurolilaments. Stain: lead citrate and uranyl acetate. Magnification, 16,400 x . Inset, Detail of neurofilament density. Magnification, 19,900 x . C, Atrophic axonal regions show a disproportionately thick myelin sheath, indicating that the axon (arrow) has shrunk from a previously larger caliber. Magnification, 9900 x . Inset, This shrunken axon at the center of an internode contains few neurofilaments and high concentrations of microtubules (arrowhead). Magnification, 32,400 x . N, Nucleus of Schwann cell.
reflecting the displacement of myelin lamellae from their usual termination site when swellings were present at the paranodes, as observed in other conditions characterized by axonal swelling (Jones and Cavanagh, 1983; Stanley et al., 1985) .
To estimate the number of neurofilaments accumulating in these giant axonal swellings, the swollen axons at the most proximal segments of distal stumps were compared with the largest myelinated axons in unperturbed sciatic nerves of C57BU61 Ola mice in 1 Km plastic cross sections and electron micrographs (Fig. 5) . The mean cross-sectional axonal area of the largest 20% of fibers was 20.9 + 6.6 (&SD) pm2 in the control nerve and 79.5 f 43.1 (*SD) pm2 in the axotomized stump (Fig. 6) . Neurofilament densities were 640/pm2 for swollen fibers and 160/ pm* for normal, large fibers. The lengths of these swellings ranged from 50 to several hundred microns. An example of macrophage-mediated myelin clearance around one of the proximal swellings is depicted in Figure 7 .
Discussion
The present studies extend our understanding of axonal biology in two major directions. First, they indicate that even in mammalian peripheral nerves the survival of the axon is not wholly dependent on day-to-day receipt of newly synthesized materials supplied from the cell body. Most of these C57BY6/01a mouse axons can conduct action potentials for more than 14 d (Lunn Figure 4 . Silver-stained teased fibers from the sciatic distal stump of a C57BL/6/01a mouse, 14 d after axotomy (4-C). The site of transection is at the bottom of the figure. Note the massive axonal swellings at the proximal end of these interrupted axons. These silver-positive enlargements are filled with densely packed neurofilaments (cf. Fig. 5) . Swelling of the axon, although not as dramatic, is present over long lengths extending distally from the interrupted end. Compare axonal calibers in swollen fibers (A-C) to those in normal fibers (0). A segment of relatively reduced axonal caliber (arrow) is seen in fiber B, which likely represents a region with fewer neurofilaments (see Results). Myelin sheaths (arrowheads) are seen around normal fibers and some swollen axonal regions, but the largest areas of swelling are demyelinated. Scale bar, 20 rm. et al., 1989) and many survive by morphological criteria for 28 d while separated from their major source of protein synthesis. Second, the present studies indicate that neurofilaments undergo a slow and progressive redistribution in the distal stump, resulting in accumulations at both the proximal and distal ends of isolated segments. This result suggests that the neurofilaments undergo bidirectional transport in these transected nerves.
Implications of prolonged axonal survival The theories accounting for the rapid axonal breakdown usually seen after axotomy have focused on the activation of intrinsic calcium-dependent neutral proteases, which have an affinity for neurofilaments (Schlaepfer and Hasler, 1979; Nixon et al., 1982; Zimmerman and Schlaepfer, 1982) . Activation of these prote- ases has been thought to be a consequence of interruption of axonal flow from the cell body (Joseph, 1973; Schlaepfer and Bunge, 1973) . The absence of rapid disintegration of the axon in the C57BL/6/01a mouse suggests that the proteases remain inactive, either because of intrinsic abnormalities or, more likely, because factors other than interruption of proximal to distal flow are necessary for their activation. Recent data demonstrating a defect in the initial recruitment of macrophages in these animals suggest that macrophages may be necessary contributors to the process ofrapid axonal breakdown (Perry et al., 1990) . Macrophages have been increasingly recognized as active participants in Wallerian degeneration, being primarily responsible for clearance of myelin (Beuche and Friede, 1984; Stoll et al., 1989) and the regulation of some Schwann cell responses (Lindholm et al., 1987) . Systemic administration of anti-macrophage antibodies has been shown to delay the process of Wallerian degeneration in normal rodents (Lunn et al., 1989) . Although macrophages were present in increasing numbers as Wallerian degeneration progressed, we found that macrophages infiltrated nerves early at sites of transection and cleared myelin debris while leaving adjacent axons undisturbed (Fig. 7) . This indicates that infiltrating macrophages do not randomly phagocytose tissue but are specifically targeted to myelin debris. An attractive hypothesis is that a specific signal is transmitted to macrophages from the injured Schwann cell, activating them to clear myelin. Another distinct signal may be necessary to activate macrophages to initiate axonal breakdown; this signal may be lacking in nerves from C57BW6/01a mice.
Lack of regenerative sprouting
The distal stumps and the isolated segments responded differently from the proximal stumps following peripheral nerve axotomy. In the proximal stump, which remained connected to the cell body,. there was a regenerative response (sprouting) at the cut site. In the isolated segments, however, no detectable sprouting occurred at either the distal or proximal faces, indicating that axons separated from their cell bodies do not contain the factors necessary for sprouting. Such factors are likely to include the growth-associated proteins (GAPS; Skene and Willard, 198 1; Kalil and Skene, 1986 ) whose syntheses are upregulated in axotomized neurons (Hoffman, 1989) . Studies are underway to test whether axons already containing high levels of GAPS at the time of axotomy might sprout when separated from their cell bodies.
Cytoskeietal reorganization
The beaded appearance seen on silver stains of axons surviving for at least 7 d after axotomy represents a redistribution of the cytoskeleton into neurotilament and microtubule domains. A similar appearance is observed when fresh nerve is stretched before freezing (Ochs and Jersild, 1987) . This stretch-induced phenomenon is prompt and does not occur in fixed nerves, so it cannot account for the progressive changes described here.
The dissociation of neurofilaments and microtubules is borne out by the ultrastructural findings of neurofilamentous swellings containing only a small proportion of microtubules, and shrunken axons composed predominantly of microtubules. Such images, interpreted in concert with the beaded-fiber morphology, are likely to reflect the "moving out" of neurofilaments in relation to microtubules and suggest that at least some of the microtubules may move less or be stationary. In any event, the consequence is the formation of swollen regions that are neurofilament rich and narrowed regions that are neurofilament poor. Judging from the time it takes to occur, this redistribution is most likely an active phenomenon and might use the same mechanism of motility, as yet unknown, that underlies normal slow transport.
The axonal pathology observed in surviving distal stumps of C57BW6/01a mice bears a remarkable resemblance to that described in human giant axonal neuropathy (Asbury et al., 1972) and in intoxication with 2,5-hexanedione (Spencer and Schaumburg, 1977) and carbon disulfide (Monaco et al., 1985) . Experimentally, hexacarbon intoxication is characterized by neurofilamentous swellings, microtubule/neurofilament dissociation, and acceleration of the rate of neurofilament transport (Monaco et al., 1985 (Monaco et al., , 1989 Watson et al., 1991) . Similar swellings, although with a different distribution, can be produced by &p'-iminodipropionitrile (Griffin et al., 1982 (Griffin et al., , 1983a Watson et al., 1989 ) and 3,4-dimethyl-3,5-hexanedione (Anthony et al., 1983) , agents that retard neurofilament transport (Griffin et al., 1978 (Griffin et al., , 1984 . Because these agents contain bifunctional reactive groups, they have been postulated to derivatize covalently the neurofilament subunits, with the resultant adducts acting to "cross-link" neighboring filaments (Anthony et al., 1983) . Our data, however, demonstrate that no exogenous neurotoxin is needed to create a very similar pathology, and raise the possibility that some of these toxins might be causing a form of Wallerian degeneration in "slow motion," similar to that seen in the C57BL/6/01a model.
We detected giant neurofilamentous swellings at proximal faces of distal stumps, or simultaneously at both cut faces of isolated segments, beginning at 3-4 d after transection, and these continued to enlarge to their peak appearance at 14 d. At the distal face, these swellings presumably developed as the result of continued proximal-to-distal transport of neurofilaments to that site. Analogously, giant swellings at the proximal face probably developed from similar active movement of some neurofilaments, but in this case distal to proximal.
Based on conclusions drawn from pulse-labeling experiments, cytoskeletal proteins have been considered to move only in an anterograde (proximal-to-distal) direction via the slow component of axonal transport (Hoffman and Lasek, 1975) . In a nonmammalian system, the garfish, this slow transport of the cytoskeleton is apparent in fibers separated from their cell bodies, where there is a progressive atrophy of the axoplasm that moves from proximal to distal at the rate of slow axonal transport (Cancalon, 1982) . In contrast, although our experimental system is analogous to the garfish model, the results demonstrate that mammalian peripheral nerves behave differently when separated from their cell bodies. Instead of the progressive proximal-to-distal axonal atrophy predicted by experiments in the garfish, we observed a structural reorganization characterized by the accumulation of neurofilaments all along the fiber and especially at cut ends. These findings suggest that a proportion of the assembled cytoskeleton in mammalian peripheral nerves may remain stationary and that, at least in axotomized nerves, those neurofilaments that are transported, move bidirectionally. The form in which neurofilaments are transported-soluble subunits or assembled structures-remains unclear. Two alternative explanations of the neurofilamentous swellings observed at cut sites are that (1) they are merely a consequence of mechanical displacement ("squeezing") of axoplasm by compression at the time of transection (Ochoa et al., 1972) , and (2) they are due to "retraction" of the interrupted axon into the distal stump ("retraction balls"). The first can be excluded because the accumulations of neurofilaments developed gradually over weeks. The second is unlikely because nerve crushes produced the same findings as transections, and transected axons did not move farther from the site of interruption with time.
Furthermore, our estimates of the number of neurofilaments within the swellings suggest that all of the neurofilaments normally contained within several millimeters ofaxonal length would need to be "retracted" or collapsed into a few hundred microns to produce these masses. Therefore, these giant swellings could not develop by retraction of the axoplasm contained within the 200-300 wrn adjacent to the cut site into a smaller length. By this same argument, we suggest that the accumulated neurofilaments came from a long segment of the distal stump; if they all arose from the region just distal to the neurofilamentous swellings, that region should be depleted of neurofilaments. Because long segments of axons devoid of neurofilaments were not observed, it is likely that some of the neurofilaments in these swellings were contributed from regions even farther from the site of transection.
Whether retrograde transport of neurofilament protein takes place in an unperturbed axon or only occurs in the axon separated from its cell body is an open question. Similarly, these data give no indication of the physical state in which neurofilaments are redistributed; we only know that at the cut sites they accumulate as normal-appearing, although densely packed, neurofilaments. Interestingly, the retrograde transport of neurofilaments or degradation products of neurofilaments has previously been postulated to provide a feedback or autoregulatory mechanism controlling the synthesis of neurofilament proteins in the cell body (Schlaepfer et al., 1984) .
